In Salmonella enterica, 1,2-propanediol (1,2-PD) utilization (Pdu) is mediated by a bacterial microcompartment (MCP). The Pdu MCP consists of a multiprotein shell that encapsulates enzymes and cofactors for 1,2-PD catabolism, and its role is to sequester a reactive intermediate (propionaldehyde) to minimize cellular toxicity and DNA damage. For the Pdu MCP to function, the enzymes encapsulated within must be provided with a steady supply of substrates and cofactors. In the present study, Western blotting assays were used to demonstrate that the PduL phosphotransacylase is a component of the Pdu MCP. We also show that the N-terminal 20-residue-long peptide of PduL is necessary and sufficient for targeting PduL and enhanced green fluorescent protein (eGFP) to the lumen of the Pdu MCP. We present the results of genetic tests that indicate that PduL plays a role in the recycling of coenzyme A internally within the Pdu MCP. However, the results indicate that some coenzyme A recycling occurs externally to the Pdu MCP. Hence, our results support a model in which a steady supply of coenzyme A is provided to MCP lumen enzymes by internal recycling by PduL as well as by the movement of coenzyme A across the shell by an unknown mechanism. These studies expand our understanding of the Pdu MCP, which has been linked to enteric pathogenesis and which provides a possible basis for the development of intracellular bioreactors for use in biotechnology.
B
acterial microcompartments (MCPs) are a diverse family of subcellular proteinaceous organelles used to optimize metabolic pathways that have toxic or volatile intermediates (1, 2) . MCPs are polyhedral in shape and about 100 to 150 nm in size and consist of a multiprotein shell that encapsulates sequentially acting enzymes of specific metabolic pathways. Overall, they are composed of several thousand protein subunits of 10 to 20 different types and may exceed a gigadalton in mass. Genomic analyses indicate that MCPs are produced by about 20% of bacteria and that there are seven or more different types (which function in diverse metabolic processes) as well as numerous subtypes (3) (4) (5) . The first MCP identified was the carboxysome (6) . This MCP functions to optimize carbon fixation, and it has been estimated that 25% of CO 2 fixation on Earth occurs within carboxysomes (2) . Two other MCPs that have been studied are used for metabolizing 1,2-propanediol (1,2-PD) and ethanolamine while sequestering an aldehyde intermediate that is toxic to the cell and/or easily lost to the environment (7, 8) . 1,2-PD and ethanolamine are important carbon sources in the intestinal environment, and a number of studies have linked the degradation of these compounds to enteric pathogenesis (9) (10) (11) (12) (13) (14) (15) .
The MCP involved in 1,2-PD utilization (the Pdu MCP) has been most extensively studied in Salmonella enterica (1) . In this system, nine different polypeptides (PduABB=JKMNTU) are proposed to self-assemble to form a polyhedral shell that encapsulates enzymes and cofactors for 1,2-PD metabolism (16) (17) (18) . In current models, 1,2-PD moves across the shell and into the lumen of the Pdu MCP, where it is converted to propionaldehyde by coenzyme B 12 -dependent diol dehydratase PduCDE ( Fig. 1) (19) . Next, propionaldehyde is converted to propionyl coenzyme A (propionylCoA) or 1-propanol by the PduP aldehyde dehydrogenase or the PduQ alcohol dehydrogenase, respectively (20, 21) . 1-Propanol exits the MCP and is excreted into the medium (22) . The PduL phosphotransacylase converts propionyl-CoA to propionyl-PO 4 2Ϫ , which is converted to propionate by the PduW propionate kinase with the formation of 1 ATP molecule (23) . Some propionyl-CoA also diffuses out of the Pdu MCP and enters the methylcitrate pathway to provide carbon and energy for cell growth. The proposed function of the Pdu MCP is to sequester the propionaldehyde intermediate to prevent cell toxicity and carbon loss (7, 24) . If the shell of the Pdu MCP is disrupted by mutation, propionaldehyde is excreted into the growth medium at a high level, resulting in growth arrest and increased DNA damage (7, 22) .
The function of the Pdu MCP requires that the 1,2-PD degradative enzymes be localized to the MCP lumen. Recent studies found that N-terminal targeting sequences are used to traffic enzymes to the lumen of MCPs and that such targeting sequences are widespread. Bioinformatic analyses identified on many MCP-associated enzymes short N-terminal sequence extensions that are absent from homologs lacking an MCP-associated genomic context (25) . Further studies showed that the N-terminal 18 amino acids of the PduP enzyme are necessary and sufficient for its encapsulation into the Pdu MCP (25) and that short N-terminal sequences are also used to target the PduD enzyme and the EutC and EutE enzymes to the lumen of the Pdu MCP and the MCP for ethanolamine utilization (Eut MCP), respectively (26) (27) (28) . Hence, the use of N-terminal targeting sequences is a common method for trafficking proteins to the lumen of bacterial MCPs, but many MCP lumen enzymes lack identifiable targeting sequences, raising the possibility of alternative mechanisms.
Current models for the Pdu MCP propose that its shell acts as a diffusion barrier that helps to channel propionaldehyde to downstream enzymes (1) . However, at the same time, the shell must allow the influx of substrates and cofactors required for the activity of the lumen enzymes as well as the egress of products for entry into the central metabolism or excretion from the cell (Fig.  1 ). Studies to date suggest that the shells of MCPs are selectively permeable and/or that cofactor pools are internally recycled (1) . The main building blocks of MCP shells are a family of small proteins that have bacterial microcompartment (BMC) domains (29) (30) (31) . Many hexameric BMC-domain proteins contain small central pores that are proposed to mediate the movement of substrates and products into and out of MCPs (31) (32) (33) . In addition, a family of trimeric tandem-BMC-domain shell proteins (EutL, CsoS1D, and CcmP) has been crystallized in pore-open and poreclosed conformations, suggesting a gated pore (34) (35) (36) (37) . In these proteins, the pores open wide enough (diameter, about 14 Å) to allow the movement of enzymatic cofactors, such as ATP, NAD ϩ , coenzyme A (HS-CoA), and coenzyme B 12 . On the other hand, Cheng et al. recently showed that NAD ϩ and NADH are regenerated internally within the Pdu MCP by the PduP and PduQ enzymes, which reduce NAD ϩ and oxidize NADH, respectively (20) . In addition, Huseby and Roth demonstrated that HS-CoA is recycled internally within the Eut MCPs by the EutD phosphotransacetylase during ethanolamine catabolism (28) . However, on the basis of the studies described above, two viewpoints have emerged: one is that recycling and transport through specific pores work in conjunction to maintain MCP cofactor homeostasis, and the other is that recycling may occur with or without transport through pores (20, 28) .
Prior studies showed that the PduL enzyme is a phosphotransacylase that converts propionyl-CoA to propionyl-PO 4 2Ϫ during 1,2-PD degradation ( Fig. 1) (38) . This enzymatic activity is redundant with a housekeeping phosphotransacetylase (Pta) which uses both acetyl-CoA and propionyl-CoA as the substrates. Furthermore, PduL was not identified to be an MCP component; hence, it was previously proposed that the role of PduL is to increase the total phosphotransacylase activity available for 1,2-PD degradation (17) . In this report, we show that PduL is a component of the Pdu MCP and that it is directed to the MCP lumen by an N-terminal targeting sequence. We also present evidence that PduL plays a role in recycling HS-CoA internally within the Pdu MCP, although results suggest that other mechanisms (such as specific pores) may also be used to supply HS-CoA to the lumen enzymes of the Pdu MCP. Bacterial strains and growth conditions. The bacterial strains used in this study are derivatives of Salmonella enterica serovar Typhimurium LT2 ( Table 1 ). The rich medium used was LB-Lennox medium (Difco, Detroit, MI) (39) . The minimal medium used was no-carbon-E (NCE) medium (40) .
MATERIALS AND METHODS

Chemicals
MCP purification, SDS-PAGE, Western blotting, and PduL enzymatic assay. Pdu MCPs were purified by detergent treatment and differential centrifugation as previously described (18) . Protein concentrations were determined by use of a protein assay reagent (Bio-Rad, Hercules, CA) with bovine serum albumin (BSA) as a standard. SDS-PAGE was performed using 4 to 20% Mini-Protean TGX gels from Bio-Rad, followed by staining using Bio-Safe Coomassie stain (Bio-Rad). For Western .The shell of the Pdu MCP is proposed to act as a diffusion barrier that helps retain propionaldehyde and channel it to downstream enzymes in order to prevent cellular toxicity and DNA damage. For the lumen enzymes to function, they need a steady supply of substrates and cofactors. Current models propose that this need is met by selective pores through the protein shell and/or by internal cofactor recycling. The results of the studies presented in this report indicate that the PduL enzyme has a role in internal HS-CoA recycling but that some HS-CoA also traverses the shell. The encapsulated enzymes are diol dehydratase (PduCDE), propionaldehyde dehydrogenase (PduP), 1-propanol dehydrogenase (PduQ), and phosphotransacylase (PduL). The shell is thought to be composed of nine polypeptides PduABB=JKMNTU. Propionyl-CoA enters central metabolism via the methylcitrate pathway.
blotting assays, the nitrocellulose membranes were probed using mouse monoclonal anti-green fluorescent protein (anti-GFP; Fisher Scientific) or rabbit polyclonal anti-PduL (GenScript, Piscataway, NJ) at 0.5 g/ml in TBST buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) and goat anti-mouse or anti-rabbit IgG-horseradish peroxidase conjugate at 40 ng/ml in TBST buffer (Santa Cruz Biotechnology, Santa Cruz, CA). Signal development was carried out by using SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL) according to the manufacturer's instructions. The result was analyzed by use of a ChemiDoc XRSϩ imager (Bio-Rad). Phosphotransacylase (PduL) assays were performed as described previously (38) .
Growth studies. Growth studies were carried out using a Synergy HT microplate reader (BioTek, Winooski, VT) to shake, incubate, and measure the absorbance of the cultures as previously described (38) . Each growth curve was a representative of the curves obtained from three independent experiments performed in triplicate. Doubling times were calculated from semilog plots with the formula doubling time ϭ 0.693/ (2.303 ϫ slope of the linear region of the plot).
Bioinformatics. To identify possible targeting sequences for PduL, homologous sequences were retrieved from the Swiss-Prot database via BLAST analysis (41) and subsequently aligned by use of the ClustalW program (42) . Putative N-terminal extensions were identified through sliding of a 10-residue window, starting from the first column in the alignment, until the window contained less than 20% indels and its first column had at least an 80% occupancy in terms of residues ( Fig. 2A) . If, upon stopping, the scanned regions upstream of the window were longer than 10 residues, those were considered N terminal.
RESULTS
Sequence analysis.
Prior studies showed that some enzymes are targeted to the MCP lumen by N-terminal extensions that are generally absent from homologs not associated with MCPs (25) . Bioinformatic analyses were carried out to determine whether the PduL enzyme had such an extension. We considered two binary variables: (i) the existence of a terminal extension in the enzyme sequence (as described in Materials and Methods) and (ii) whether its corresponding gene occurred in the context of an MCP operon. Using these two variables, we built a contingency table to assess their Pearson's correlation coefficient, here called the phi coefficient. A common interpretation is to consider values above 0.3 to be significantly correlated (a value of 1 reflects a perfect correlation). In the PduL case, we determined a phi coefficient of 0.53 between the presence of a terminal extension and its collocation with MCP genes. Thus, PduL homologs that are associated with an MCP genomic context are significantly more likely to have terminal extensions (as identified by a sliding window) than PduL homologs lacking this association. Hence, these findings suggest that the N-terminal extensions present on certain PduL enzymes are lumen-targeting sequences. As a validation step, a prediction of the tertiary structure of the PduL peptide was obtained using the PEP-FOLD web server (43) (Fig. 2B) . Eighteen residues on the N terminus were predicted to have a propensity for ␣-helix formation, which was consistent with the recent reports that PduP and encapsulated proteins from more than one type of MCP have terminal targeting sequences which are prone to form ␣ helices (44, 45) . These analyses suggest that PduL may be a component of the Pdu MCP, even though it was not identified by prior proteomics analyses of purified MCPs (17) .
PduL is a component of the Pdu MCP. To investigate the cellular location of PduL, MCPs purified from wild-type S. enterica as well as a pduL deletion mutant (BE291) were analyzed by SDS-PAGE and Western blotting. By Western blotting with anti-PduL sera, a strong band near 24 kDa was detected in MCPs purified from Salmonella, while a weaker band of the same size was detected in crude extracts (Fig. 3) . No bands of this size were detected in either whole-cell extracts or MCPs purified from a pduL deletion mutant, verifying that the band near 24 kDa was PduL. We also attempted to purify PduL (using the MCP purification protocol) using a strain that produces PduL from plasmid pLAC22 but does not produce MCPs. In this case, PduL could not be detected by Western blotting. These results indicate that PduL is a component of the Pdu MCP. A specific band with a molecular mass close to that of PduL was not identified by SDS-PAGE. Most likely, PduL was obscured by major components of Pdu MCPs, PduB= and PduD, which had molecular masses similar to the molecular mass of PduL (24.1 kDa for PduB= and 24.2 kDa for PduD versus 23.1 kDa for PduL).
PduL is capable of encapsulating eGFP into the Pdu MCPs. To further investigate its cellular location, we tested whether PduL could mediate the encapsulation of enhanced GFP (eGFP) into Pdu MCPs. A PduL-eGFP fusion protein was expressed from plasmid pLAC22 in a pduL deletion mutant. PduL fused to eGFP was readily detected in purified Pdu MCPs as a strong band near 50 kDa using an anti-GFP monoclonal antibody (Fig. 4, lane 4) . Native eGFP was not detected in MCPs purified from wild-type Sal- monella or a ⌬pduL mutant expressing native eGFP (Fig. 4, lanes 2  and 3) . Western blots also showed that the PduL-eGFP fusion protein and eGFP were present in the whole-cell extract, indicating normal expression. We point out that the amount of the PduLeGFP fusion protein present in MCPs was larger than the amount present in the whole-cell lysate, indicating that PduL-eGFP copurified with the Pdu MCPs. The N-terminal region of PduL is required for targeting to the Pdu MCP. To test for an N-terminal targeting sequence, we expressed truncated PduL lacking N-terminal amino acids 2 to 5 or 2 to 10 (PduL ⌬2-5 and PduL ⌬2-10 ) from vector pLAC22 in a pduL deletion background under conditions that induced the Pdu MCP. MCPs were then purified and analyzed by Western blotting for PduL and its truncated derivatives (Fig. 5) . Compared to the amount of wild-type PduL detected, significantly smaller amounts of PduL ⌬2-5 and PduL ⌬2-10 were detected in purified MCPs when the amount of protein loaded on the gel was adjusted so that comparable amounts of PduL, PduL ⌬2-5 , and PduL ⌬2-10 were found in the whole-cell extracts. As a control, we expressed PduL, PduL ⌬2-5 , and PduL ⌬2-10 from pLAC22 and measured their phosphotransacylase activities in crude cell extracts. This was done in strains carrying the ⌬pduL and pta::Tn10 mutations to eliminate background phosphotransacylase activity (38 ⌬2-10 were expressed and enzymatically active. Thus, the results presented above indicate that the deletion of residues 2 to 5 or 2 to 10 from the N terminus of PduL does not substantially affect its enzymatic activity or folding but does impair targeting to the MCP. We also attempted to examine targeting of PduL ⌬2-20 ; however, none could be detected by Western blotting, suggesting that this mutant protein was unstable.
The 20 N-terminal amino acids of PduL can target eGFP to the Pdu MCP. To determine whether the N-terminal extension of PduL is sufficient for encapsulating proteins into the Pdu MCP, we fused the N-terminal 20 amino acids of PduL (PduL [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] to eGFP. We then expressed eGFP and PduL 1-20 -eGFP from pLAC22 in a background carrying a pduL deletion mutation under conditions that induced MCP formation. Western blotting assays indicated that PduL 1-20 -eGFP (ϳ28 kDa) copurified with Pdu MCPs, while eGFP did not (Fig. 6, lanes 1 and 2) . Control assays detected similar amounts of eGFP and PduL [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] -eGFP in soluble wholecell lysates, indicating the normal production and folding of both proteins. These results indicate that the N-terminal 20 amino acids of PduL are sufficient for packaging proteins into the Pdu MCP.
Effects of preventing MCP formation on the growth of a pduL deletion mutant. The role of PduL in 1,2-PD degradation is to catalyze the conversion of propionyl-CoA to propionyl-PO 4
2Ϫ
( Fig. 1) (38) . Prior studies showed that a pduL deletion mutant had a reduced growth rate on 1,2-PD, even though Salmonella expresses a housekeeping Pta enzyme which can also convert propionyl-CoA to propionyl-PO 4 2Ϫ (38) . Previously, it was proposed that PduL provides the additional enzyme activity needed to support growth on 1,2-PD (38) . However, an alternative explanation is that PduL might have an MCP-specific function, such as internal HS-CoA recycling (Fig. 1) . To test for an MCP-specific function, we looked at the effect of breaking the shell of the Pdu MCP on the phenotype of a pduL deletion mutant. To break the shell we used a deletion (⌬pduABB=) that eliminates three major BMCdomain proteins, PduA, PduB, and PduB=. Controls showed that a pduL deletion mutant had a substantially increased doubling time on 1,2-PD minimal medium compared to that of the wild type (7.41 Ϯ 0.12 h compared to 4.8 Ϯ 0.3 h), which was similar to the findings of our previous studies (38) . In contrast, the ⌬pduABB= ⌬pduL double mutant grew faster than a ⌬pduABB= mutant (doubling times, 3.4 Ϯ 0.1 h versus 4.2 Ϯ 0.1 h, respectively) (Fig. 7) . Thus, PduL was required for optimal growth on 1,2-PD when the MCP was intact. However, PduL did not improve growth (it actually slowed growth) when the MCP was broken. This finding argues against the idea that the role of PduL is simply to provide more phosphotransacylase activity and suggests that PduL is essential for optimal MCP function. It was unexpected that a ⌬pduABB= ⌬pduL strain would grow faster than the ⌬pduABB= PduL ϩ strain. One possible tentative interpretation is that the ⌬pduABB= ⌬pduL strain accumulated propionyl-CoA to higher levels, thereby increasing flux through the methylcitrate pathway, while the ⌬pduABB= PduL ϩ strain directed more carbon to propionate, which results in a lower ATP yield (Fig. 1) .
FIG 4
Targeting of a PduL-eGFP fusion protein to the Pdu MCP. eGFP and a PduL-eGFP fusion protein were expressed from pLAC22 in a ⌬pduL background under conditions that induce MCP formation, and eGFP was detected by Western blotting. Lane 1, molecular mass standards (M); lanes 2 to 4, 10 g Pdu MCPs purified from wild-type Salmonella, BE2021 ⌬pduL/pLAC22-eGFP, and BE2025 ⌬pduL/pLAC22-pduL-eGFP, respectively; lanes 5 to 7, 10 g whole-cell extracts of the wild type, BE2021, and BE2025, respectively.
FIG 5 Short N-terminal deletions impair encapsulation of PduL into Pdu
MCPs. PduL and truncated derivatives were expressed from pLAC22 in a ⌬pduL strain background under conditions that induce MCP formation, and PduL was detected by Western blotting with anti-PduL sera. Lane 1, molecular mass markers (M); lanes 2 to 4, 10, 25, and 7.5 g purified Pdu MCPs from BE791 ⌬pduL/pLAC22-pduL, BE1112 ⌬pduL/pLAC22-pduL ⌬2-5 , and BE1114 ⌬pduL/pLac22-pduL ⌬2-10 , respectively; lanes 5 to 7, 10, 25, and 7.5 g wholecell lysates from BE791, BE1112, and BE1114, respectively. The amount of protein loaded was varied to obtain similar amounts of PduL in the crude cell extract. Growth tests indicate that PduL localizes to the lumen of the Pdu MCP. The studies described above showed that PduL is an MCP component but did not directly address whether it is located in the lumen or on the MCP surface. To examine this, we looked at the access of PduL to its substrates. Encapsulation of PduL within the Pdu MCP might restrict substrate access, while surface localization would not. Salmonella can grow on acetate by converting it first to acetyl-PO 4 2Ϫ and then to acetyl-CoA by the ordered action of acetate kinase (AckA) and Pta. Prior studies showed that a pta mutant grows very poorly on acetate, but this phenotype was corrected by production of PduL from a plasmid (PduL can also convert acetyl-PO 4 2Ϫ to acetyl-CoA) (38) . Here, we tested whether induction of the Pdu MCP could complement the growth defect of a pta mutant on acetate. In this case, complementation would require the conversion of acetate to acetyl-PO 4 2Ϫ by AckA in the cytoplasm. If PduL is located in the lumen of the Pdu MCP, acetyl-PO 4 2Ϫ together with HS-CoA would need to enter the Pdu MCP, where they would be converted to acetyl-CoA by PduL. Lastly, acetyl-CoA would exit the MCP and enter central metabolism via the tricarboxylic acid cycle. Thus, if PduL is encapsulated, complementation of a pta mutant by induction of the Pdu MCP would require the diffusion of acetyl-PO 4 2Ϫ , HS-CoA, and acetyl-CoA across the MCP shell, whereas the surface localization of PduL would not. Results showed that induction of the pdu operon (which leads to MCP formation) allowed only modest growth of a pta strain on acetate (doubling time, 7.03 Ϯ 0.1 h) (Fig. 8) . In contrast, when the pdu operon was induced in a background that could not form the MCP shell (⌬pduABB=), a significantly faster growth of a pta strain on acetate was observed (3.46 Ϯ 0.1 h) (Fig. 8 ). Although other explanations are possible, these findings support the idea that PduL is encapsulated within the Pdu MCP and that the shell of the Pdu MCP restricts the movement of its substrates to some degree. This is consistent with a need for the internal recycling of HS-CoA, as shown in Fig. 1 . For the experiments described above, expression of the pdu operon was induced by supplementation of the growth medium with 1,2-PD. No 1,2-PD metabolism occurred under these conditions because coenzyme B 12 (a cofactor required for 1,2-PD degradation) was not present.
DISCUSSION
Prior studies showed that the PduL phosphotransacylase catalyzes the conversion of propionyl-CoA to propionyl-PO 4 2Ϫ during 1,2-PD degradation (38) . However, prior proteomic studies did not identify PduL as a component of the Pdu MCP, and it was proposed that the main role of PduL is to provide additional phosphotransacylase activity above that supplied by the housekeeping Pta enzyme (17) . In this study, we have provided evidence that PduL is a component of the Pdu MCP; Western blotting assays clearly showed the enrichment of PduL and PduL fused to eGFP in purified MCPs. We also conducted studies to investigate whether PduL has an MCP-specific role. The function of the Pdu MCP requires that the enzymes encapsulated within be provided with a steady supply of their required substrates and cofactors. On the basis of crystallographic studies, it was proposed that the central pores seen in BMC-domain shell proteins provide specific conduits for metabolites (31) (32) (33) (34) (35) 46) , and recent studies showed that the PduA shell protein forms a selective pore tailored to allow the influx of 1,2-PD while restricting the efflux of propionaldehyde (47) . Moreover, recent studies showed that enzymatic cofactors can be regenerated internally within MCPs to maintain steady cofactor supplies. In the Pdu system, the PduQ 1-propanol dehydrogenase helps regenerate NAD ϩ from NADH internally within Pdu MCPs (20) . In the ethanolamine utilization system, the EutD phosphotransacetylase recycles HS-CoA within Eut MCPs (28) . Results presented here indicate that HS-CoA is also regenerated internally within the Pdu MCP, in this case, by the PduL phosphotransacylase. Genetic tests showed that a pduL deletion mutant was impaired for growth on 1,2-PD when the Pdu MCP was intact. In contrast, a pduL deletion mutant did not impair growth on 1,2-PD when the MCP was broken by a shell protein deletion intact and broken MCPs. The strains used were wild-type Salmonella, a pduL deletion mutant (BE188 ⌬pduL670) that forms intact MCPs (⌬pduL), a strain (BE647 ⌬pduABB=) unable to form MCPs due to the deletion of three major shell proteins (⌬pduAB [broken MCPs]), and a pduL deletion mutant (BE881 ⌬pduABB= ⌬pduL670) unable to form MCPs (⌬pduAB ⌬pduL). Strains were grown on 1,2-PD minimal medium supplemented with 150 nM vitamin B 12 . This experiment was repeated Ն3 times, and representative data are shown. OD 600 , optical density at 600 nm.
FIG 8
Complementation of a pta mutant for growth on acetate minimal medium by PduL that is encapsulated within the MCP or unencapsulated. A ⌬pduABB= mutant was unable to form intact MCPs. Addition of 1,2-PD was used to induce the genes for 1,2-PD degradation (including PduL) and the formation of the Pdu MCP. This experiment was repeated Ն3 times, and representative data are shown. mutation (growth was actually faster than that of the wild type in this case). This indicates that PduL is required for the optimal function of an intact Pdu MCP and is not simply used to supply extra phosphotransacylase activity. Further investigations suggested that PduL is encapsulated within the Pdu MCP and that encapsulation restricts the access of PduL to its substrates, which would explain the need for internal HS-CoA recycling (Fig. 8) . Thus, the results indicate that PduL has a role in the recycling of HS-CoA internally within the Pdu MCP, and internal cofactor recycling may be common in MCPs that function in heterotrophic metabolism.
While there is a consensus that cofactor recycling is important to MCP function, its role relative to the transport of cofactors through pores that span the MCP shell is uncertain. Studies on the ethanolamine utilization system indicated that EutD phosphotransacetylase is essential for HS-CoA recycling and growth on ethanolamine is abolished in a eutD mutant (28) . Hence, it was proposed that the Eut MCP has private cofactor pools separate from the cytoplasm and that the transport of cofactors across the shell may or may not be required (28) . On the other hand, investigations of the Pdu system suggested that both pores and recycling are needed to maintain cofactor homeostasis (20) . A PduQ deletion grew at a rate that was about 54% of the wild-type rate, indicating that a portion of the NADH was recycled back to NAD ϩ by the electron transport chain, which would require the substantial flux of NAD ϩ and NADH across the MCP shell (20) . Here, we found that a pduL deletion mutant grew at a rate that was about 65% of the wild-type rate, suggesting that substantial amounts of HS-CoA traverse the MCP shell, possibly through pores that span the shell. Thus, studies of PduL support the model that both internal cofactor recycling and transport across the shell are required for the proper function of the Pdu MCP. Furthermore, recent in vitro studies demonstrated that purified Pdu MCPs restrict the influx of 1,2-PD but do not measurably impair the inward movement of HS-CoA and NAD ϩ (47) . This strongly supports the idea of specific routes of cofactor entry into the Pdu MCP. However, the mechanism by which large cofactors traverse the shell of the Pdu MCP remains a major unanswered question of MCP physiology. Multiple cofactors (HS-CoA, propionyl-CoA, NAD ϩ , NADH, coenzyme B 12 , ATP, and ADP) must cross the shell, which restricts the outward diffusion of propionaldehyde.
It is also known that proper MCP function requires the encapsulation of specific enzymes. Prior studies showed that short Nterminal extensions target diverse enzymes to the lumen of bacterial MCPs (1). Here, our sequence alignments suggested that PduL might have an N-terminal targeting sequence since PduL homologs predicted to be MCP associated on the basis of genomic context featured a short N-terminal extension compared to the sequences of non-MCP-associated enzymes. Western blotting assays showed that PduL lacking N-terminal amino acids 2 to 5 or 2 to 10 was impaired for encapsulation (but normally expressed and active), indicating that its N terminus has a role in targeting. In addition, we were also able to target a PduL 1-20 -eGFP fusion protein to the Pdu MCP. This indicates that the N-terminal 20 amino acids of PduL are sufficient to mediate the encapsulation of an unrelated protein into the Pdu MCP.
Several groups have proposed that bacterial MCPs might be developed for use as intracellular bioreactors for and the production of biofuels, renewable chemicals, and pharmaceuticals (1, 2, 48, 49) . Pathway encapsulation could help with diffusion restrictions, toxic intermediates, metabolite flux, and enzyme stability. However, achieving such applications will require a detailed understanding of the operational principles and mechanisms of MCPs. In the study described here we have added to our understanding of the bacterial MCPs by identifying a new targeting sequence that can be used to encapsulate heterologous proteins in the Pdu MCP and by showing that the PduL enzyme is a component of the Pdu MCP that plays a role in cofactor recycling.
